A nonocclusive silicone cuff placed around the rabbit carotid artery results in a diffuse intimal thickening. The early stages of this phenomenon were studied by light microscopy, immunohistochemistry, and electron microscopy. Neointimal formation appeared to be triphasic. The first phase started 2 hours after cuff placement, with vascular infiltration by polymorphonuclear leukocytes (PMNs). In the second phase, starting within 12 hours, 1.90±0J6% of the medial smooth muscle cells (SMCs) were replicating, as demonstrated by their immunoreactivity for proliferating cell nuclear antigen (PCNA). The third phase was characterized by the appearance, from day 3 onward, of subendothelial SMCs that were immunoreactive for or-SMC actin and vimentin. A few cells showed immunoreactivity for PCNA. During this phase all the PMNs disappeared, but SMC replication in the media was still present, as indicated by the presence of mitoses and the persisting immunoreactivity for PCNA (0.76±0.22% at day 7). In the third phase the number of subendothelial cells increased (104±15 SMC nuclei per section at day 7, of which 8.89±2.26% were PCNA-positive) and was associated with deposition of collagen type IV and flbronectin. At 14 days a complete, circular neointima was present and contained 2.13 ±0.28% replicating SMCs. The media showed 0.44±0.08% cell-cycling SMCs, which was still four times higher than normal. During the first week there was also a significantly higher PCNA activity in the media of sham-operated carotid arteries (no cuff present) than in nonsurgical ones. However, this did not lead to the formation of a neointima. We conclude that in the cuff system SMC replication in the media precedes the neointimal formation. The system can be used to study SMC replication, migration, and neointimal formation with minimal medial SMC damage. While the factors responsible for intimal development in humans are largely unknown, numerous methods of injury have been applied to produce intimal lesions in animals. These methods can be divided into two broad categories: those that use intraluminal (e.g., balloon denudation) and those that use perivascular manipulation. Examples of the latter are external electrical stimulation, 6 external compression, 7 stripping the adventitia from the arteries, 8 and positioning of a cuff around an artery.
D iffuse intimal thickening commonly occurs in
the arteries of humans and increases progressively throughout life. 1 Eccentric intimal thickenings (intimal cushions), associated with branches and orifices, have been observed in human arteries from the first week of life. Both the diffuse intimal thickenings and the intimal cushions are considered to be susceptible sites for atherosclerosis. 2 -While the factors responsible for intimal development in humans are largely unknown, numerous methods of injury have been applied to produce intimal lesions in animals. These methods can be divided into two broad categories: those that use intraluminal (e.g., balloon denudation) and those that use perivascular manipulation. Examples of the latter are external electrical stimulation, 6 external compression, 7 stripping the adventitia from the arteries, 8 and positioning of a cuff around an artery. 9 -" Perivascular cuff placement is used to avoid direct injury to the vessel wall, particularly to the endothelium. In certain experimental protocols rigid polyethylene tubes are used, which still result in endothelial cell loss. 9 ' 10 We applied a perivascular method by placing a nonocclusive, biologically inert, soft and flexible silicone cuff around an artery, as first described by Booth et al. 11 This model generates a diffuse intimal thickening within 1 week. However, evidence that either migration of smooth muscle cells (SMCs) into the intima or proliferation of SMCs has taken place has not yet been presented. 1112 The aim of the present study was to analyze the time course of neointimal development and to verify the reproducibility of this model. This information is necessary to establish the time of occurrence of most characteristic lesions to serve as a basis for further detailed studies of the mechanisms involved. A detailed investigation of possible changes in structure or function of the endothelium in this model was beyond the objectives of this study.
ing) was placed around the left carotid artery and closed with silicone glue as described. 6 The right carotid artery was sham operated, i.e., it was separated from the surrounding connective tissue and the vagus nerve and received a similar stretch as the contralateral cuffed artery. Animals were killed at 2 (n=2), 6 (n=3), and 12 (n=4) hours and at 1 (n=2), 2 (n=2), 3 (n=2), 5 (n=2), 1 (n=5), 14 (n = 10), and 30 (n=2) days after cuff placement. Two additional animals were treated with silicone glue only and were killed on days 1 and 7. Furthermore, both carotid arteries of five nonsurgical (control) rabbits were studied.
The cuffed segment and the control artery were cut into transverse sections for light microscopy, immunohistochemistry, and electron microscopy. For light microscopy, segments of the cuffed zone and the adjacent proximal and distal segments were fixed in methacarn fixative (60% methanol, 30% 1,1,1-trichloroethane, and 10% glacial acetic acid). After they were embedded in paraffin, serial sections were cut to use adjacent sections for "staining" with different antibodies. All sections were stained with hematoxylin and eosin.
Supplementary stains were periodic acid-Schiff, Sirius hematoxylin, Masson's trichrome, and Verhoeffs elastic. A part of the cuffed segment was snap-frozen in liquid nitrogen. For electron microscopy small segments of the cuffed region as well as the sham-operated region were immediately fixed in 0.5% glutaraldehyde in a cacodylate buffer.
Immunohistochemistry
After selection of the Sinus hematoxylin-stained material, the immunohistochemical staining of the sections of days 3, 5, 7, 14, and 30 was carried out. For demonstration of the presence of fibronectin additional sections at 6 and 12 hours and at 1 and 2 days were used. The reactions were carried out by the indirect peroxidase antibody conjugate technique. The following monoclonal antibodies were used: proliferating cell nuclear antigen (PCNA [PC10 cyclin], 1/10 dilution) and vimentin (1/200 dilution) from Dako, Glostrup, Denmark; actin (a-smooth muscle cell, 1/3,000 dilution) and fibronectin (1/600 dilution) from Sigma Chemical Co., St. Louis, Mo.); collagen type IV (1/10 dilution after digestion with trypsin) from Eurodiagnostics, Apeldoorn, The Netherlands; and collagen type III from Sodichimic, Morges, Switzerland, at a dilution of 1/150 for the primary antibody and 1/200 for the secondary antibody.
All antibodies were used on methacarn-fixed and paraffin-embedded material except for fibronectin, which was applied on cryostat sections after acetone fixation. The monoclonal antibodies were diluted in phosphate-buffered saline. After three washes with phosphate-buffered saline, the sections were incubated with rabbit anti-mouse peroxidase for 45 minutes. For the demonstration of the complex, 3-amino-9-ethylcarbazole was used as a chromogen. For the demonstration of the antibody against collagen type III, which was produced in the guinea pig, a goat anti-guinea pig peroxidase antibody (Cappel) was used. For negative controls the primary antibody was omitted. The specificity of the primary antibodies was tested in different rabbit tissues in which the staining patterns were known.
We verified the specificity and sensitivity for proliferation of the antibody against PCNA by comparison with in vivo bromodeoxyuridine labeling of the smallintestinal mucosa in five nonsurgical rabbits. The distribution of proliferative activity as demonstrated by PCNA was similar to a 1-day labeling experiment with bromodeoxyuridine.
Transmission Electron Microscopy
After fixation the specimens were washed in a sucrose phosphate buffer. They were postfixed in 1% OsQ,, dehydrated in ethanol and propylene oxide, and embedded in Epon. Selection of the zones most representative for the lesions was done on semithin sections stained with toluidine blue. Thin sections were cut on an LKB ultratome, stained with 2% uranyl acetate, and examined with a JEOL 1200 EX electron microscope at 80 kV.
Quantification of Potymorphonuclear Leukocyte Infiltration
Polymorphonuclear leukocytes (PMNs) were counted in 10 separate noncontiguous regions occupying a total area of 0.038 mm 2 in the inner half of the media and also in 10 adjacent regions with the same area in the outer half.
Quantification of PCNA Activity
The immunoreactive SMC nuclei were counted in the media and neointima (if present). The total number of SMC nuclei in the media was calculated by using a projection microscope and point counting. After measuring the total medial area per section, the number of SMC nuclei per eight randomly distributed fields of 0.0075 mm 2 was counted. In this way the total number of SMC nuclei in the media per section could be calculated. The PCNA-immunoreactive SMC nuclei were counted in the total medial and neointimal areas. The PCNA activity was expressed as the percentage of PCNA-positive SMC nuclei per total number of medial or neointimal SMC nuclei (per section).
Quantification of Neointimal Formation
The cr-SMC actin-stained sections were used for this purpose. The total number of SMC nuclei per section between the internal elastic lamina (IEL) and the endothelium was counted. The cross-sectional area of the neointima and media was also measured by using a digitizing tablet (Osteomeasure package, Osteo Metrics, Atlanta, Ga.). The intima-to-media ratio was calculated.
Statistical Analysis
The area of the media, intima-to-media ratio, percentage of PCNA-positive SMC nuclei of the neointima and media, and the number of medial and neointimal SMC nuclei per section of cuffed arteries were compared with the contralateral sham-operated arteries by using a paired t test. The parameters of the sham-operated arteries were compared with the nonsurgical arteries by an analysis of variance followed by a Newman-Keuls test. The SPSS/PC + package (SPSS, Chicago, 111.) was applied for these purposes. A 5% level of significance was selected. Data are expressed as mean±SEM. 
Results

Light Microscopy
Sham-operated arteries. The contralateral sham-operated arteries as well as the carotid segments proximal and distal to the cuffed region were lined by a normal endothelium. The elastic stain (VerhoefFs) revealed small buddings and a few duplications of the IEL. Within these duplications, spindle-formed cells that were identical in size, shape, and orientation to those of the SMCs of the media were demonstrated. The media consisted of regular circularly orientated SMCs. There was never an infiltrate of PMNs in the media. After 1 and 2 days there was a focal accumulation of PMNs into the periadventitial fat layer. At 3 days there was a border of fibroblastic granulation tissue in this layer without PMNs. The number of intimal and medial SMC nuclei per section of both the sham-operated and nonsurgical carotid arteries is demonstrated in Figure 3 (right panels).
Cuffed arteries. After 2 hours (n=2) a focal "pavement" of PMNs on the endothelium was present. Some PMNs were located beneath the endothelium. The media contained no PMNs.
After 6 hours («=3) focal adhesion of PMNs to the arterial endothelium became obvious. Some PMNs were located between the endothelium and the basement membrane, resulting in detachment of the endothelial cell layer from the internal elastic membrane. A few PMNs appeared to be passing through the IEL. The media showed a segmental PMN infiltration that was limited to its inner third (Figure 1 At 12 hours (n=4) a dense segmental infiltration of the inner half of the media by PMNs was found. The number of PMNs had reached a maximum ( Figure 2 ). The medial SMCs had a normal appearance. There were sparse infiltrates of PMNs in the periadventitial tissue.
At days 1 and 2 (n=4) PMNs were still present in the inner half of the media, although a few had reached the outer half ( Figure 2 ). Simultaneously, nuclear dust (small remnants of fragmental nuclei) also appeared.
After 3 days (n=2) few PMNs persisted ( Figure 2 ). However, some rounded cells were found underneath the endothelium. Their nuclei were larger and less dense than those of lymphocytes and looked similar to transversely cut SMC nuclei. Also, the first Sirius redstained fibers appeared (compare with results in the immunohistochemistry section). The inner third of the media showed rare foci of enlarged and irregularly shaped SMC nuclei. They were associated with a narrowing of the media in the outer third, showing loss of cells and flattening of the cytoplasm of the remaining cells. The periadventitial layer showed a fibroblastic cell accumulation and disappearance of the PMN cell infiltrates.
After 5 days (n=2) many cells were found beneath the endothelium. They could now be recognized as smooth muscle-like cells that were oriented in a longitudinal direction and clearly distinct from the medial SMCs that showed a circular direction. The endothelial cells were well preserved. The media was free of PMN cell infiltrations.
After 7 days (n=5) a maximum of two to three layers of subendothelial cells were present. This accumulation was variable in the different transverse sections taken along the longitudinal axis of the same segment and among different animals.
After 14 days (n = 10) a continuous subendothelial accumulation of two to five cell layers was present. The endothelial cells were well preserved. Small elastic fibers were present in the neointima. Small ramifications of the carotid arteries (n=6 rabbits) that had been enclosed in the cuff also showed a well-developed neointima. After 30 days (n=2) a concentric neointima consisting of five to six cell layers was present. The medial SMCs appeared to be normal. The periadventitial tissue was replaced by a circumferential sheath of cellular fibrous tissue.
Effect of glue application (n=2). After only 1 day, the application of silicone glue was associated with fewer than 10 PMNs per 0.038 mm 2 of medial area in the inner half of the media and no PMNs in the outer half of the media. At day 7 the number of intimal SMC nuclei per section in the cuffed carotid arteries was not different from the sham-operated arteries.
Evolution of cross-sectional area of the media and intima-to-fnedia ratio (Table 1 ). There was no difference in the cross-sectional area of the media between the cuffed and the sham-operated carotid arteries. The intima-to-media ratio of the cuffed carotid arteries at 7 and 14 days was statistically different from the contralateral sham-operated arteries.
PCNA activity (Figure 3 , left panels). In the nonsurgical animals («=5) the percentage of PCNA-positive SMC nuclei in the media per section averaged 0.096±0.023%. At 12 hours after the cuff placement both the cuffed and the sham-operated carotid arteries demonstrated numerous medial SMC nuclei immunoreactive for PCNA. The percentage of replicating medial SMCs amounted to 1.90±0.36% in the cuffed and 0.89±0.12% in the sham-operated arteries. Replicating SMCs were present throughout the media, showing no predilection for the regions that were infiltrated by the PMNs (Figures 4A and 4B ). At 7 days the percentage of replicating medial SMC nuclei was lowered to 0.76±0.22% in the cuffed and 0.36±0.08% in the shamoperated arteries. In the cuffed arteries 8.89 ±2.26% of the neointimal cell nuclei were PCNA-positive ( Figure  4C ). A few endothelial cells showed also an immunoreactivity for PCNA. At 14 days (n = 10 rabbits) the media of the cuffed carotid arteries still contained replicating SMC nuclei. The fraction (0.44±0.08%) was four times higher than in the contralateral sham-operated arteries. The percentage of replicating SMCs in the sham-operated carotid arteries had returned to the level of the nonsurgical carotid arteries. The neointima contained 2.13±0.28% PCNA-positive SMC nuclei ( Figure 4D ). These nuclei were often larger than the adjacent PCNA-negative SMC nuclei.
a-SMC actin. The sham-operated arteries showed no or only a few actin-positive cells beneath the endothelium. The medial SMCs showed a constant strong reactivity. In the cuffed arteries at 3 days many a-actinpositive cells were present beneath the endothelium. Endothelial cells and PMNs were negative. After 5 days a diffuse accumulation of a-actin-positive cells beneath the endothelium was present, which at 7 days formed a concentric layer that was generally two to three cells wide. It consisted of 104±15 SMC nuclei per section (Figure 3, right panels) . The clear staining allowed us to easily recognize their shape and to confirm their longitudinal direction. After 14 days a diffuse neointimal thickening containing many a-actin-positive cells (209±36 SMC nuclei per section), forming four to five layers, had developed (Figures 3, 5A, and 5B). This persisted after 30 days.
The adventitia showed only a few a-actin-positive cells. The small periadventitial arteries and capillaries demonstrated a strong positive reaction of the vascular wall. The periadventitial fibroblastic cells were strongly positive.
Vimentin. The staining pattern of the SMCs in the sham-operated and cuffed arteries was comparable with that of a-SMC actin. Moreover, the endothelial cells showed a clear reactivity. The adventitia contained many positive cells.
Collagen type III. In the sham-operated and cuffed arteries the media showed reactivity surrounding the elastic laminae. In the adventitia a strong reactivity was found for this type of collagen, which was distinctly organized in folded ribbons. In the cuffed arteries from 3 to 14 days the subendothelial cell accumulation was not associated with collagen type III deposition. At 30 days there was a weak and focal reactivity in the neointima, which was confined to the layers resting on the IEL.
Collagen type IV. In the sham-operated arteries the endothelial cells appeared to be lying on the IEL, sometimes separated by a narrow and focal rim of collagen type IV reactivity. In the cuffed arteries, after 3 days the foci of accumulated a-actin-positive cells beneath the endothelium were associated with collagen type IV reactivity. The media showed an immunoreactivity around the elastic laminae. The foci of damaged SMCs in the outer media were devoid of fibers reactive for collagen type IV. The adventitial collagen fibers were negative. The periadventitial vasa vasorum showed a strong reactivity. At 5-7 days the subendothelial cells demonstrated a pericellular localization, which at 14 days was fully developed in the concentric neointima ( Figure 5C ).
Fibronectin. The sham-operated arteries demonstrated a narrow subendothelial rim of fibronectin. The SMCs of the media showed a pericellular and sometimes cytoplasmic reactivity. The periadventitial small arteries also demonstrated a reactivity in the subendothelial cell layer.
In the cuffed arteries, at 6 hours the endothelial cells were separated from the IEL by a narrow rim of fibronectin. After 1 day PMNs penetrated this layer of fibronectin and formed pockets limited by the IEL and 
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FIGURE 3. Left panels: Bar graphs of percentage of proliferating cell nuclear antigen (PCNA) -positive neointimal (upper panel) and medial (lower panel) smooth muscle cell (SMC) nuclei per transverse section at different times after either silicone cuff placement or sham operation. The 0-hour bar represents the nonsurgical arteries. After 12 hours the number of cycling medial SMCs of the sham-operated arteries was greater than that of the normal level of 0.096±0.023%. However, the value for sham-operated arteries normalized within 14 days. In contrast, the medial SMC replication rate of the cuffed arteries remained higher than that of the sham-arteries for as long as 2 weeks. After 7 days there was a high percentage of PCNA-positive neointimal SMC nuclei, which became lower after 14 days. "Cuffed different from sham-operated arteries (paired t test, p<0.05), 4 sham-operated different from untreated arteries (Newman-Keuls test, p<0.05). Data are expressed as mean±SEM. Right panels: Bar graphs of the number of neointimal and medial SMC nuclei per transverse section at different times after either silicone cuff placement or sham operation. The 0-hour bars represent the nonsurgical arteries. Neither the sham operation nor the cuff treatment influenced the number of medial SMC nuclei after the time points examined. However, in the cuffed arteries a neointima was formed within 7 days, and its thickness had increased further after 2 weeks. "Cuffed different from sham-operated arteries (paired t test, p<0.05). Data are expressed as mean±SEM.
a layer of fibronectin. The media showed a pericellular and sometimes intracellular reaction of the SMCs. After 3 days there was a strong reactivity that was associated with the regions of subendothelial cell accumulation. The periadventitial fibroblastic layer was also positive. Until the last examination period at 30 days, reactivity in the neointima persisted. The reactivity in the media was unchanged. The immunohistochemical characteristics of the cuffed carotid arteries are summarized in Table 2 .
Electron Microscopy
In the sham-operated arteries the endothelial cells were lying immediately on the IEL. Beneath the endothelium, collagen fibers with cross banding were identified. Occasional solitary SMCs oriented in a circular direction beneath the endothelium were found. Contrary to the neointimal cells these cells were always associated with and encircled by nodular elastic fibers connected to the IEL. They displayed the contractile phenotype.
In the cuffed arteries at 12 hours (n=4) the endothelium was well preserved. Numerous endothelial cells had been uplifted by subendothelial PMNs. There was no indication of endothelial cell desquamation ( Figure 6 ).
In the cuffed arteries at 3, 5, and 7 days the endothelial cells were well preserved and demonstrated intact junctions. Although not quantified, the endothelial cells at day 7 contained a pronounced rough endoplasmic reticulum. In the subendothelial space the accumulated cells had an irregular shape ( Figure 7) . The cells showed a prominent rough endoplasmic reticulum; occasionally dilated cisternae; and sparse myofilaments, pinocytotic vesicles, and subplasmalemmaJ filament condensations. These cells showed the features of SMCs in a synthetic state. The intercellular space of the neointima was wide and electron lucent, containing granulofibrillar and basal lamina-like material. Fibers with cross striations could not be identified. The media consisted of SMCs in a contractile phenotype and elastic laminae. The intercellular space of the media contained numerous collagen fibers showing periodicity. At 14 days the intercellular space of the neointima was narrower and contained elastic fibers, fragments, and sparse bundles of cross-banded collagen fibers. The SMCs of the neointima were surrounded by basal lamina.
Discussion
This study demonstrates that the time course of neointimal formation in the carotid artery of the rabbit after application of a nonconstrictive cuff displayed three phases: an early infiltration of the vessel wall by PMNs (phase 1), followed by SMC replication in the media (phase 2), and a gradual subendothelial SMC accumulation (phase 3), with deposition of collagen fibers and fibronectin within this neointima.
Because the PMNs first appeared on and under the endothelium and were found later and to a lesser extent in the outer half of the media, it may be assumed that they migrated from the lumen and not from the vasa vasorum in the adventitia. In our study it is clear that the PMN infiltration was an early phenomenon, starting 2 hours after cuff placement and reaching a maximum within 6-24 hours and mainly concentrated in the inner half of the media. The possibility that the PMNs constitute an inflammatory reaction to necrosis of endothelial or medial SMCs is unlikely because these lesions were not present at the time the PMNs appeared. The possibility that the manipulation itself could be involved could be excluded by the results obtained for the sham-operated arteries as well as the segments proximal and distal to the cuff. Direct application of the silicone glue that was used to close the cuff on the carotid artery was associated with the presence of a few PMNs, but compared with the cuffed segments, their numbers were negligible. The disappearance of the PMNs, leaving nuclear dust (karyorrhexis) as the only evidence of their presence, suggests a single migration wave.
The SMC replication was studied by the immunohistochemical detection of PCNA (cyclin), which is an auxiliary protein of DNA 5-polymerase. 1314 This protein appears during the G,, S, and G 2 phases of the cell cycle and is a reliable marker for cell proliferation. 15 -18 Our study shows that SMC replication in the media precedes the accumulation of SMCs in the neointima, which suggests that the cells divide first and migrate later. However, it has been shown that SMCs can migrate without previous division. since these resident subendothelial SMCs were few (see Figure 3 ) in the control carotid arteries, it is unlikely that they could produce in a short time the large numbers of SMCs present in the neointima. In the unmanipulated carotid arteries the cell replication rate in the media was 0.096±0.023%. This replication rate, as demonstrated by PCNA immunohistochemistry, is remarkably similar to the value (0.0936 ±0.0218%) of Jamal et al. 20 In the early period (12 hours) after cuff placement, both the cuffed and the contralateral sham-operated carotid arteries demonstrated numerous replicating SMCs in the media. The growth fraction amounted to 1.9% in the cuffed and 0.89% in the sham-operated arteries. These values were statistically different from the unmanipulated carotid arteries. The induction of SMC replication in sham-operated arteries could be the consequence of stretch during the isolation of these vessels. However, only the cuffed arteries developed a neointima, demonstrating that induction of SMC replication and migration are not necessarily connected events in the vessel wall. Moreover, the number of SMC nuclei in the media of the cuffed and sham-operated arteries is not statistically different from that of unmanipulated arteries, indicating that there is no loss of SMCs in either condition.
In the third phase, which started on day 3, cells with characteristics of SMCs accumulated underneath the endothelium. From the fifth day on, the number of subendothelial cells increased and collagen type IV appeared around and in between these cells. At 7 days the neointima was circular and increased in thickness until day 14. The SMCs in the neointima and the media were still replicating at day 14 (2.13% for the neointima and 0.44% for the media). The neointima, which formed after a few days, mainly consisted of cells with features of SMCs: the cells were strongly positive for a-SMC actin and vimentin. The strong positive reaction for a-actin (although not quantified) of the neointimal SMCs in this model contrasts with the decreased a-actin content of the SMCs that constitute the intimal thickening after balloon denudation. 21 The electron microscopic examination of the intimal SMCs demonstrated modified SMCs with a prominent rough endoplasmic reticulum, suggesting a synthetic activity of these cells. 2223 These modified SMCs have been described in diffuse intimal thickenings adjacent to atheromata in humans. 24 Contrary to the medial SMCs, which are concentrically positioned, the neointimal SMCs are arranged in a longitudinal direction, similar to the nuclei of the endothelial cells. With increasing cell number, the neointima showed a strong immunoreactivity for fibronectin and collagen type IV. The presence of fibronectin in the neointima can be the result of either leakage of plasma fibronectin or synthesis and deposition by the neointimal SMCs. Fibronectin is concentrated in areas of intense cellular growth, and studies indicate that this extracellular matrix macromolecule is essential for cellular migration, attachment, and proliferation. 25 Fibronectin has been detected in the normal subendothelial space and the thickened intima, especially in developing fibrous plaques of human arteries, as well as in experimentally induced atherosclerotic lesions. 26 -28 Ultrastructurally, the extracellular space of the neointima contains a granulofibrillar and a basal lamina-like material. This explains the observed immunoreactivity for collagen type IV in the neointima. It is interesting to note in this context that in human atherosclerotic lesions, the basal laminae of endothelial cells and surrounding SMCs are markedly thickened, although no increases in basement membrane-specific molecules, such as type IV collagen, have been observed. 29 The presence of interstitial collagen fibers in the neointima at day 14 demonstrates the collagen synthetic capacity of the neointimal SMCs. In cell culture studies an increased collagen synthesis can be demonstrated when arterial SMCs are stimulated to divide, indicating that induction of proliferation may be accompanied by increased collagen synthesis. 30 The mechanism by which the nonconstrictive cuff induces neointimal formation is unclear. Prescott et al 31 described neointimal formation after PMN infiltration in the arterial wall in an experiment that involved application of a thread (presoaked in lipopolysaccharides) along the rat femoral artery. Dexamethasone inhibited PMN infiltration and neointimal formation in their system, which led the authors to establish a causal relation between the two phenomena. However, in the cuff system the contribution of PMNs to neointimal formation is not clear; theoretically, the PMNs could induce an irreversible stimulation of medial SMC replication and subsequent migration. The absence of lesions proximal and distal to the cuffed segments indicates that the effect of the cuff is local. If there were either alterations in the normal longitudinal pressure gradient or phenomena of turbulence, then lesions in these regions could be expected. Since the sham-operated arteries, which undergo isolation from the surrounding tissues, did not develop a neointima, injury to the vasa vasorum or nerves seems to be an unlikely cause. It has been suggested that the neointima develops in response to hypoxia resulting from obstruction of the vasa vasorum that feeds the media. 32 However, medial vasa vasorum were found to be present in arteries of 29 SMC layers or more, 33 whereas the media of the rabbit carotid artery consists of 10 to 12 SMC layers. Indeed, examination of carotid arteries from 50 rabbits that had been included in other experiments never showed microvessel penetration of the media. Moreover, small periadventitial arteries (ramifications of the carotid artery) included in the cuff («=6 rabbits) showed a very pronounced neointimal formation after 14 days ( Figure 5 ). Therefore, it is even less probable that the medial nutrition of arteries of this size (media composed of four SMC layers) is influenced by an interruption of adventitial microvessels. In sham-operated animals similar periadventitial arteries were found and showed no lesions. This finding indicates that a role of the vasa vasorum 11 -32 is unlikely. Intimal formation in arteries is a general reaction pattern of arterial SMCs after different forms of mechanical injury, like balloon denudation, arterial ligature, and external electrical stimulation. This reaction is characterized by SMC migration and replication both within the media and the neointima. Since there is no direct mechanical injury to the arterial wall after placement of a nonconstrictive cuff, two other mechanisms are conceivable: 1) release of chemotactic/mitogenic factors directly from the cuff and 2) an impediment of transmural fluid transport. Because of the distance between the cuff and the vessel wall, no direct physical contact between the two structures could account for a chemotactic effect, which has been reported by other authors who bring a chemotactic substance in immediate contact with the vessel wall. 31 Hence, if a chemotactic substance were to be released from the cuff, it must bridge the gap (1.5 mm) between the inner wall of the cuff and the vessel wall, which would result in diffusion, exceed the cuffed region, and produce lesions in the proximal and distal segments. An impediment to transmural fluid transport must be considered. However, we could not demonstrate dilated tissue spaces or lymphatics. Moreover, there was no difference in the cross-sectional area of the media (Table 1) between the cuffed and the sham-operated carotid arteries, which excludes the notion of significant vessel wall edema in the cuffed carotid arteries. However, increased permeability of the endothelial cell layer may be responsible for a modification of the composition of the extracellular matrix of the subendothelial region and might act as a stimulus to SMC migration and replication. This mechanism has been suggested in the external electrical stimulation model of intimal formation. 34 The rapidity and the extent of neointimal formation in the cuff system indicate that there must be an immediate and potent stimulus.
The cuff system has been used in our laboratory for different pharmacological studies 35 -36 in over 200 animals. The histopathological findings in all these animals were consistent with the results of the present study. The cuff system is a reliable and rapid method to study neointimal formation.
